Controllability and Maneuverability of Airplanes by Brown, W G & Norton, F H
FIL COpy 
NO.I -W 
NATIONAL ADVISORY COMMITTEE 
FOR AERONAUTICS 
REPORT No. 153 
CONTROLLABILITY AND MANEUVERABILITY 
OF AIRPLANES 
By F. H. NORTON and W. G. BROWN 
WASHINGTON 
GOVERNMENT PRINTING OFFICE 
un 
To be rrdu ., 1I:0 
the ftltf' of lhe ~Iat Oil, 
Ad isor y Cumm ttcc 
for Af)f ( a llie 
Was~\i g+C'n 
https://ntrs.nasa.gov/search.jsp?R=19930091218 2020-06-17T04:29:41+00:00Z
1. FUNDAMENTAL AND DERIVED UNITS. 
Metric. English. 
ymbol. 1-------------------,-------1- ---------------.-----------1 
Length . . . 
Time ... . . 
Force .. . . 
I 
t 
F 
nit. 
meter . .. . - ___ . - ... . ... ... . 
second . . . ... . . . ......... .. . 
weight of one kilogram ... .. . 
Symbol. 
m . 
sec. 
k a o· 
U nit. Symbol. 
foot (or mile).. . . . ... . . . ft. (or mi. ). 
second (or hour) . . .. . .... sec. (or hr. ). 
weight of one pound ... . lb. 
P kg.m/sec . . .. . .. . ... . .. . ... . .. .. ... . ... horsepower ........ .... lI' 
m/sec. . . . ...... .... ........ m. p. s. mi/hr ... . .... .. . ... .... M. P. H. 
Power .. . 
Speed .. . . 
2. GENERAL SYMBOLS, ETC. 
Weight, W = mg. 
Standard acceleration of gravi ty, 
g = 9.806m/sec.2 = 32.172 ft/sec.2 
Massm=W 
, g 
Density (mass per uni t volume), p 
Standard density of dry air, 0.1247 (kg.-m.-sec.) 
at 15.6°C. and 760 mID. =0.00237 (lb.-ft.-sec.) 
. Specific weight of It standard " all, 
1.223 kg/m.3 = 0.07635 Ib/ft. 3 . 
Moment of inertia , mk2 (indicate axis of the 
radius of gyration, k , by proper subscript) . 
Area, S ; wing area, Sw, etc. 
Span, b; chord length, c. 
Aspect ratio = b/c 
Length of body (from c. g. to elevator hinge), f. 
Coefficient of viscosity, J.I. 
3. AERODYNAMICAL SYMBOLS. 
True air speed, V 
Impact pressure, q = ~ p V 2 
Lift, L ; absolute coefficient CL = ~ 
Drag, D; absolute coefficient CD = ~ 
. Cross wind force , C; absolute coefficient 
C 
CC=qS' 
Resultant force, R 
(Note that these coefficients are twice as 
large as the old coefficients Le, Dc.) 
Angle of setting of wings (relative to thrust 
line), iw 
Angle of setting of horizontal tail surface, it 
Reynolds Number =~, where l is a linear di-
J.I. 
mension. 
e. g., for a model aerofoil3 in. chord, 100 mi/hr., 
normal pressure, O°C : 255,000 and at 15.6°C, 
230,000; 
or for a model of 10 cm. chord, 40 m/sec., 
corresponding numbers are 299,000 and. 
270,000. 
Center of pressure coefficient (ratio of distance 
of c. p. from leading edge to chord length), 
Cpo 
Angle of tail setting, (it- i,,) ={3 
Angle of attack, a 
Angle of downwash, \I 
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By F. IT. NORTON and W. G. BROWN. 
SUMMARY. 
This investigation was carried out by the ational Advisory Committee for Aeronautics 
at Langley Field for the purpo e of tudying the behavior of the J N4h airplane in free flight 
under the action of its control and from this to arrive at satisfactory definitions and coefficients 
for controllability and maneuverability. The method consisted in recording the angular velocity 
about the three axes, together with the air speed, control positions, and acceleration. An 
analysis of the records leads to the following results: 
1. Both the maximum angular velocity and maximum angular acceleration are pro-
portional to the di placement of the controls. 
2. Both the maximum angular velocity and maximum angular acceleration for a given 
control movement increase with the air peed, rapidly immediately above the stalling speed, 
then nearly proportional to the speed. 
3. The time required to reach each maximum angular velocity is constant for all ail- speeds 
and control displacements for a given airplane. . 
4. The minimum time required to reverse the direction of an airplane by a steeply banked 
turn is a rough indication of its general maneuverability. 
5. Doubling the lateral moment of inertia of an airplane increases the time required to 
bank to 90°, with a maximum control angle, by only 10 per cent. 
6. Controllability has been defined as applying to the moment produced about the center 
of gravity by the action of the controls and maneuverability as the resultant motion. 
dL dM 7. A simple method i described for measuring the controllability coefficients, -, --, dir. diy 
- dN d h b'l' ffi . d (V min)2 and di
z
' an t e maneuvera 1 Ity coe Clents t"" to, t", an g . 
These result are of practical value, as they give a quantitative means of measuring airplane 
maneuverability and controllability, which will allow designers to accurately compare the 
merits of different airplanes. 
INTRODUCTION. 
The combat airplane requires the four aerodynamic essentials of high rate of climb, high 
maximum speed, high diving speed, and maneuverability. It is not within the scope of this 
report to treat the relative importance of the e quantities, but it may be stated that maneuver-
ability in certain kinds of fighting is of extreme importance. The term maneuverability 
itself has been rather ill defined, but it is usually taken to mean that property of an 
airplane which allows the pilot to direct it into the desired position in the shortest possible time. 
Except for a few rather incomplete tests made by the British 1 to r ecord the time required to 
bank an airplane up to a given angle, there has been no quantitative measurements made on 
maneuverability, this quantity being determined only by the personal opinion of the pilot or 
by the comparison of two machines when maneuvering together in the air. It is very difficult 
for a designer to improve the maneuverability of the airplane unles he can obtain actual quan-
1 R. & M. Nos. 413 and 441. 
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titative measurements on the present machines to determine what factors are responsible for 
an improvement in this quality. 
Controllability has usually been associated by ,Pilots with the re ponse of the airplane to 
correcting movements of the controls, especially at low speeds. The controllability of any 
airplane is satisfactory at high speeds, but it falls off more or Ie s rapidly as the stalling speed 
is approached. Some work has been done in free flight to measure the angle at which the 
controls mu t be set to balance a known static movement applied to the airplane by means 
of weights, for determining the controllability under various conditions. 2,3 nlike maneuver-
ability, controllability may be measured directly in the wind tunnel by the moment exerted 
about the center of gravity with various positions of the controls. Altogether controllability 
is on· a much more scientific basis than maneuverability. 
Below are given a list of the principal references on controllability and ~aneuverability: 
(1) The factors that determine the minimum speed o.f an airplane, 1 . A. C. A. Technical No.te 1 o.. 54. 
(2) Contro.I in circling flight, N. A. C. A. Repo.rt I o.. 112. 
(3) Practical stability and co.ntro.llability o.f airplanes, N. A. C. A. Repo.rt No.. 120. 
(4) Full scale stability experiments, R. & M. o.s. 326 and 505. 
(5) The Io.ngitudinal co.ntro.I o.f an airplane, R. & M. No.s. 470 and 629. 
(6) The Io.ngitudinal co.ntro.I o.f "X" airplane, R. & M. o.. 63 . 
(7) Co.ntro.I as a criterio.n o.f Io.ngitudinal stability, R. & M. o.. 636. 
(8) SE5A with mo.dified co.ntro.I surfaces, T1504. 
(9) The Io.ngitudinal mo.tio.n o.f an airplane, R. & M. No.. 12l. 
(10) The co.ntro.I o.f a lateral!y stable and a laterally unstable airplane, R. & M. I o. . 209. 
(11) Lateral co.ntro.I o.f an aero.plane, R. & M. No.s. 413 and 44l. 
(12) Maximum co.ntro.I o.f elevators o.f different sizes, R. & M. No.. 64l. 
(13) Full scale experiments with elevato.rs o.f different sizes. R. & M. No.. 409. 
(14) Full scale experiments with different shapes o.f tail plane, R. & M. o.. 532. 
(15) Measurement o.f co.ntro.I mo.ments o.n an airplane in flight, " Zeitschrift fur Flugtechnik und Mo.tor-
luftshiffahrt, " Vo.ls. No.s. 21 and 22. 
The present report aims to devise some logical and universal definitions of maneuverability 
and controllability and means for easily making quantitative measurements of these qualities 
FiG. I.-Electric chronometer for synchronizing records. 
of the airplane. To do this the motion of the 
. airplane was studied experimentally during 
various maneuvers and a set of coefficients were 
determined which would completely express the 
maneuverability and controllability of a given 
airplane. In a subsequent report the values of 
these coefficients will be determined for a con-
siderable number of airplanes so that we may 
be able to determine more closely than at 
present what features of de ign lead to great 
maneuverability and controllability of the 
airplane. 
METHODS AND APPARATUS. 
The instruments used in this investigation 
consisted of an angular velocity recorder, a 
recording air speed meter, a control position 
recorder , and an accelerometer. All of these in-
struments have been fully described in preceding reports. 4 The instruments were all synchron-
ized by illuminating a timing light in each instrument simultaneously by means of a motor-
driven chronometer. (Fig. 1.) The measurements of rolling angle were made by pressing a key 
at the instant the inner landing wires were aligned with the horizon, thus lighting the timing 
lights for an instant . 
• Control in cirCling Jlight, N. A. C. A. Report No. 112. 
'Measnrement of control moments on an airplane in Olgbt, "Zeitschrift fnr Flugtechnik und Motorlllftsbiffahrt," vol. Nos. 21 and 22. 
'N. A. C. A. Reports Nos. 99, 100,112, and Technical Note No. 64. 
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In making the maneuverability tests the airplane was first flown steadily at the desired 
speed; all the instruments were started tog ther with a common switch; then the given controls 
were moved to a definite arigle as suddenly as possible and held at that angle until the machine 
had rotated through approximately 90°. Thi procedure was then repeated for various air 
speeds and motor speeds and with various angles of control movement. It may be contended 
that in the e tests the personal element was not entirely eliminated as 
tlus might have come in, in the rapidity with which the controls arc 
moved over. The control position, record showed however, that the k 
times to move the controls as quickly as pos ible to a given angle were // i "'" 
very consistent; but if greater uniformity were desired, it would be ]~. '. 'If.\()\, 
quite easy to move the controls by means of a spring of lmown 
tension. ,0 ~. : 
The scope of thc tests consi ted in taking records when the ma- ~. 
chine was rotated about the X, Y, and Z axes with the ailerons, ele- y/' ..... ----;--- ~ 
vators, and rudder, respectively. Figure 2 shows the positive direc- FIG. 2.-Givingthe positive direction 
tions of axes and angles as shown by arrows. In each case the air of axis aod angles as shown by 
speed was varied between 40 and 80 mile per hour with the engine arrows. 
Lurning at 1,400 revolutions per minute, and three separate control angles were used up to the 
maximum pos ible movement. In some ca e Lhe tests were repeated with the engine throttled. 
Of the records taken, only tho e from the angular velocity recorder are of direct use, the 
others being merely to check the accuracy of the pilot's flying. Some examples of these records 
about the X axis are shown in Figure 3. As these records are angular velocities plotted against 
, 
8 6 4 2 0 
r/rne /n 
s e c onds 
time, the height of .the curve at any point from the zero line will give the 
angular velocity in radians per second, the slope of the line will give the angu-
lar ftcceleration at that time, and the area uncleI' the curve from any given time 
will give the angular di placement. In most of the records it was necessary 
only Lo mea ure the maximum angular velocity and the maximum angular 
acceleration. 
The precision of the readings of angular velocity are of the order of 5 
per cent and the precision of the angular acceleration is of approximately 
the arne amount. The control positions were recorded with a precision of 
approxima tely 1°, while the timing is precise to two-fifths of a second. The 
yalues as plotted on the curves of angular velocity and acceleration are often 
it much as 20 per cent from the mean curve, which can be accounted for by 
unsteady air conditions or by a slight movement of the other sets of controls 
wluch were upposed to have been held stationary. The curves, however, 
plotted through these point should have a precision in all cases of better than 
10 per cent, which is quite sufficient for the work in hand. It might be noted 
here that since these tests were completed the angular velocity recorder 
has been altered so that its errors have been decreased to the neighbor-
F10.3.-Motionabout hood of 1 per cent. Also in further tests of this kind the precision of 
th~ X axis. the results can be considerably increased by locking the controls which 
are not being moved and by giving a more definite movement to the control under 
consideration. 
RESULTS. 
MOTION ABOUT THE X AXIS. 
If L' be the moment due to the controls about the X axis it may be assUmed that the 
angular motion of the airplane is determined by the following equation: 
dp· , L = mKA dt +Lp p+Lq q+L,1 +Lu u+Lv v+Lw w, 
where the derivatives have the usual meanings. 
The motion about the X axis is a symmetrical case, ,,,hile the motion about the other two 
a.."'{es are unsymmetrical. For thi reason we will consider at fil'st only the motion about the 
6 RBPORT NATIONAL ADVI 'ORY COMMITTEE 1mR AERONAUTIC. 
X axis in order to inu trate the general behavior of the airplane when acted upon by the con-
trol surfaces. 
If the ailerons are suddenly turned to orne definite angle in steady flight and held there 
while the airplane roils, the moment L is approximately expre sed by: 
L = KJ>.2m 1: + Lp p. 
Where 
L is the rolling moment due to the aileron .. 
K A2m, the lateral moment of inertia. 
Lp i the damping coefficient due to roll. 
p is the rolling velo ity. 
At the fir t instant the aileron arc moved, p will be very small, but ~~ will be large, so that 
L K 2 dp 
= Am dt' 
After a hort interval, however, p become constant and 
P erhaps the behavior of the machine can be made clearer by an actual example. Data 
were taken on a J N4h by the method de cribed previously in this report to show the action of 
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the airplane when rolling up to a 60° bank at an air speed of 80 mile per hour when the ailerons 
are suddenly turned to 13° and the other controls are held neutral. (Fig. 4.) The la tend 
of the record i not a accurate a the other portions a the ideslip at thi time had become 
large. 
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It will be seen that the angular velocity 'rises to a constant value of 0.35 radian per second 
in 4°, or 0.4 second, which is maintained up to 53 °, when it decreases to zero. The angular 
acceleration reaches a maximum of 1.5 radians per (second)2 at 2° and falls off to zero at 4°, 
and it remains zero until the rotation begins to be stopped at the end of the record. If the 
value of Lp is taken as - 325 r; for 80 mile per hom, the cmve of Lp is similar in shape to that of 
p and the curve of KAzm ~~ is similar to that of CZ· L i evidently the sum of these cmves 
and is characterized by a high peak of 7,000 foot-pound at 3°, which at once falls to a constant 
value of 4,100 pounds. It is interes ting to note that the value of L when there is no rotation 
and with the ailerons at 13° is 9,000 foot-pounds .z From this data we may approximately 
plot the variations in L with the variations in p. (Fig. 5.) It is evident that L falls off as p 
increases, although the form of the curve is not determined here with any great accmacy. 
If the angular velocity in roll is plotted against time, Figme 6, there is an approximately 
uniform increase up to a certain point and then a constant value. As will be shown later the 
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time required to reach the constant value is always the same under all conditions for a given 
airplane, so that the number of degrees tmned in a unit time, that is, the area under the cmve, 
will be proportional to the maximum angular velocity. Therefore we may conclude that the 
maximum angular velocity and the angle tmned in a unit time are equivalent measures for a 
gi ven airplane. 
It might be thought at fir t that the quickes t way to roll an airplane would be to put the 
aileron hard over as suddenly as pos ible, but control-position records show that the pilot 
when making a barrel roll in which it is nece ary to produce the greatest possible rolling mo-
ment, does not use the ailerons. 6 The manner in which the rolling moment is produced can be 
explained most clearly by taking a concrete example. Let us consider an airplane of the 
J N4-h type which has the following characteristics : 
K" = 6.3 feet. 
m =72 slugs. 
Lp = - 325 at 80 miles per hour (ft. Ibs. sec.). 
Lv = 0.4 at 80 miles per hour and 20° yaw. (ft. Ibs. sec.). 
a = 4.5 g. (ft. sec.). 
2 Control in circling flight, N. A. C. A. Report No. 112 . 
• From a model test of a J Nf, probably too large. Free flight determinations of this coefficient are now being made. 
'A study of nj rplane maneuvers, with special reference to angular velocities, N. A. C. A. Report No. 155. 
8 REPORT NATIONAL ADVISORY COMMITTEE FOR AERO AUTrC • 
In performing a barrel roll the pilot fir t pulls back on the stick in order to produce a large 
normal aeceleration, and a little later the rudder is kicked hard over, which produces a con-
siderable angle of yaw at the same time that the acceleration reaches a maximum. Tests 
which have been made on thi type of machine to determine the value of Lv at a given angle of 
yaw show that the value of L produced in this way is 
L = 4.5 mLvv. 
=4.5 x 72 x 0.4 x ll in 20°. 
= 5200 foot-pounds. 
This moment at first seems small, as it is only a third of the maximum static moment 
producible by the aileron alone. There is thi important difference, however; the aileron 
moment falls off to almost insignificant proportions a oon a rolling begins, wherea the moment 
due to yaw maintain its high value for a considerable length of time. 
In order to bring together the data relating to the motion of the airplane about the X 
Itxis there has been plotted in Figure 7 the following quantities: 
(a) The angular velocity. 
(b) The maximum angular acceleration. 
(c) The time requiTed to roll up to 36°. 
(d) The time required to roll up to 14 0 . 
(e) The time required to reach a con tant value of angular velocity. 
All of these quantities are plotted on a common ba e of aileron angle in degrees. 
The results are further summarized in Figure where a curve is plotted of the slope of the 
preceeding curves of angular velocity, against air speed. A similar curve 1 plotted for 
angular acceleration and a third curve for tatic moment. 
An examination of these curves lead to the following conclusions: 
1. The angular velocity rises quickly to a steady value which i maintained up to a large 
angle. 
2. The maxim lm angular velocity is in all cases proportional to the aileron angle for <~ny 
given air speed. 
3. The time required to reach the mau'{imum angular velocity icon tant, at lea. t up to an 
aileron angle of 18°, under all conditions, and for the J}.,T4h is 0.40 econd. 
4. The maximum angular acceleration is proportional to the aileron angle for any given 
air speed. 
The values of both dli'!!. and dd~l are zero at stalling speed ' , increasing rapidly at first and 
~x 1,,, 
then more slowly; the increase from s LallinO' speed being approximately proportional to the square 
root of the air speed. The time required to bank to a given angle decrease as the air speed 
increases and i a minimum with an aileron angle of approximately 20°. 
MOTto ABOUT THE Y AXIS. 
The con ideration of the maneuverability about the Y axi i not as imple a for the ym-
metrieal case. We have here not only to consider the angular movement of the machine 
itself, but al 0 the form of the path taken by the airplane. Foi' example, if we eon ider an 
airplane banked vertically and turning in a uniform horizontal circle, the change in direction 
of path must be equal to the angular velocity of the airplane. It i obvious that if the angular 
velocity of the airplane was maintained at a higher value than the angular velocity of the path, 
in a hort time the airplane would be rotated around until it was moving tillough the air tail 
first, which would of cour e be an impos ible condition. Longitudinal maneuverability depend 
then largely upon the minimum radiu of turn for that particular machine. 
In order to make a loop or vertically banked circle with the malle t radius of curvature, 
the airplane mu t have at all times an angle of attack conesponding to the maximum lift. 'The 
Tadius of turn under these conditions will then be equal to the square of the minimum flying 
speed divided by the acceleration of gravity, as will be shown later. Few airplanes have 
powerful enough longitudinal control to attain the angle of maximum lift in steady flight and 
this is evidenced by the elevator curves given in Figure 9. Actually, however, an airplane can 
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be brought for a hort time up to, or even beyond, the angle of ma.:-.;:imum lift due to the impulse 
of the angular momentum. This i 'hown clearly by the curves in . A. O. A. R eport "No. 105. 
'. uch a method of momentarily increasing the angle of attack is of little practical value in 
maneuvering, a the drag of the machine i enormou ly inereased for a con icierable length of 
time. For a ati factory longitudinal control it i nece sary, therefore, to have powerful enouO'h 
elevators to overcome the natural tability of the airplane. Thi problem is a difficult one 
becau e of the great diving moment exerted by the ~-wg and tail plane at high angles of attack. 
This i evidenced by Figure 9, refen ed to before. To decrease the ail' peed below 50 mile an 
hour require a large elevator angle even 011 thi ' airplane which has nn e pecially powerful 
control. The only olution which pre ents it elf i to increase the area of the elevator or even 
to eliminate the tail plane entirely a i done in the aIms on biplane. 
When an airplane is flying in a correctly banked circle the angle of attack of the wings 
must be O'rcater than for the same velocity in level flight in oraer to balance the component due 
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FIG. lO.-Performance of a JN4h a irplane during a loop. Fw. 1 I.-Motion about the Y axis. 
to the cen trifugal force. If F be the centrifugal force, lV the weight of the airplane and F, 
and 172 the velocitie nece ary for equilibrium in level flight and in the turn respectively for 
the same angle of attack, we can n,y: 
and the radiu of turn l' is 
lVV2 
1' = I gF 
or 
,= J!.T. V2 V22 V,~ 
I 1 WTT 2 g,g 
if V2 is the minimum peed in level {light then l' will be the minimum radius of turn. 
In a vertically banked turn or a loop the minimum radius i independent of the air peed, 
o that the minimum time taken to complet the maneuver will be inver ely proportional to 
the air speed. The airspeed in rapid maneuver is limited hO'wever by the trength of the air-
F2 
plane, for the loading on the wings equals mg V
6
2' 
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A an example let us as ume that V. is 40 mile pel' hour and the maximum allowable 
acceleration is 4 g., that i , V =80 miles pel' hour. The minimum radius of turn in a vertically 
banked circle will then be 107 feet, thus requiring 5.8 seconds to complete the circle. 
To how more clearly the behavior of an airplane in a longitudinal maneuver there is plotted 
in FigUTe 10 all of the important characteri tics dUTing a loop a taken by recording instruments. 
Except for the angle of attack, which wa separately measured on a imilar loop, all the records 
were taken simultaneou ly . Examining the curve of angular velocity it is evident that there 
is a uniform acceleration up to 4 econd', a nearly con tant value for 5 seconds, and a uniform 
deacceleration for the last 4 econds. It will also be noticed that at times the angle of attack 
reaches values considerably beyond that of maximum lift. 
The angular velocity of an airplane was studied when the elevaLor was pulled up suddenly 
in the same manner as described for the ailerons. The resulting curves, however, cliffeI' consid-
erably from those about the X axis a shown in FigUTo 11. In thi ca e the angular velocity, 
q, rises rapidly to a maximum and then falls off more lowly. The reason that q i not maintained 
constant after arriving at its maximum value is due to the fact that the air speed falls off to 
/.Or-~~~--~~~~--~~~~--~~~~ 
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FIG. l3.-Motion about Y axis for JK4h. 
low values after a few seconds and a large di,ing moment is set up. In the ame way as for the 
ailerons, CUT,es are plotted in Figures 12 and 13 to show the characteristic of the angular 
motion about the Y axi , 
..:\n examination of these curves leads to the following conclusions: 
1. The ma.'\:imum angular velocity for a O'i,Ten air speed i proportional to the change in 
elevator angle. 
2. The ma...\:imum angular velocity i' reached in approximately tho same length of time 
for all condition of flight, namely, 1 second. 
3. The value' of dd~ when plotted again Lair spccdl'ise rapidly from lhe stalling peeello 
'ty 
50 miles per hour, then more slowly in proportion to the air speed. The value with the engine 
throttled are about 0.017 unit lower than witp. the engine OD , due to the decrea ed , peed of the 
air over the tail in the latter case. 
MOTION ABOUT THE Z AXIS. 
The motion about the Z axis i , like the preceding ca e, unsymmetrical. In actual flight 
no maneuvers are made about this axis of any duration, so we need concern ourselves only with 
the small angular movements, and can neglect the cross wind force. 
-, 
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In Fio-ure H: i hown a typical curve of ctngular ,elocity again t time produced by kicking 
the rudder over uddenly . It will be noticed that it i very imilar t.o the preceding ca e-the 
curve ri ing to a 11arp peak. Th e ano-ular velocity falls oil because of the large restoring 
moment brought into play when yawing, and because of the loss of air pc d. 
Curves are plotted in Figure 15 and 16 a for the preceding ca e to show the angular 
velocity for variou air peed and rudder angle. The te ts were carried ou t with engine on 
'b 
Tt"rne, 
seconds 
]' IG. 14.-~[oLion about the Z axis. 
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F IG. 1.'.-lIfolion about the Z axis, engine on. 
and off, but the result from the latter are not very sati factory. The following conelu ion can 
he arrived at from an examination of the curves : 
1. The maximum angular velocHy for a given air peed i proportional to the change in 
rudder angle. 
2. The maximum angular velocity is r eached in approximately the same time for all con-
dition of flight, which for thi machine i about 1.5 second. 
.03 ~)pJ4oJi"+f -
(~~--ri 
I7c:Jgine 'off / ,=.-.- ~-
.02 
7/ 7' 
f-- III 
I 
1---
.O~O 40 SO 60 70 80 90 
Air-speed = MAli. 
F IG. I r,.-~fotion about the Z axis of a J:\ Ih. FlG. li.-Steeply banked turn. 
3. The value of da~, when ploUed again i ail' peed rise rapidly from the tailing peed , but 
~z 
more lowly at higher peed' . With the motor throttled the ,alues are con iderably lower. 
MOTION ABOUT ALL THREE AXES. 
In general a maneuver require the use of all control and a the e interact on each other 
it is difficult to analyze their eparate effect. The o-eneral behavior of an airplane ho"-e,er 
has been carefully examined during all of the u ual maneuvers in flying by means of l'ecording 
CO TROLLABILITY A D MANEUVERABILITY OF AIRPLA ;rES. 13 
instruments.7 It seems to be generally accepted that the time required to completely rever e 
t.he direction of the airplane is an important factor in a combat. As there are several method 
of accomplishing this, they were all tried out on everal machines and with several pilots. 
The simplest way to rever e the direction quickly i to make a teeply banked tum (Fig. 17). 
The times required to accomplish this, averaged from a large number of runs, are given in the 
table below. The time were taken with a stop watch from the plane, and covered the space 
from horizontal flight in one direction to that in the other. 
Pilot . 
Carroll ......••......... 
Do .. . . . ....... . .. . 
Do .. . .... . ....... . 
Do ........... . ... . 
Do ... .. ....... ... . 
Do .. ..... ... .. . .. . 
Do ...........•. .. . 
Do ............. . . . 
Do ............... . 
Do ............... . 
McAvoy .. . ....... . •... 
Do . . ... . .... .... . . 
Do . ............ .. . 
Banked turns . 
Airplane. 
J 411 ..•..•• •.. . 
JN4h .....•. .... 
J 4h .......... . 
VE7 ........ . . . 
VE7 . . .. ...... . 
VE7 ...... . . .. . 
JN4h .......... . 
J 4h . ....... .. . 
JN4h ........•.. 
SE5 ........... . 
VE7 ..... . .... . 
VE7 .......... . 
VE7 . ......... . 
, 
Air speed I Ti me [or 
at start . ISO' in 
seconds. 
60 13.1 
70 13. -1 
SO 15.1 
70 10.5 
SO 8. 5 
90 .5 
flO 16. 8 
70 15.5 
SO 14.6 
65-, ' 0 
70 13.9 
SO 12.1 
9O _1_~ 
All of the times are the average of three to ~ix reading. 
Date. 
D ec. 3, 1921. 
Do. 
Do. 
Do. 
Do. 
Do. 
Dec. 7, 1921 
Do. 
Do. 
Dec. 6, 1921. 
Dec. 7, 1921. 
Do. 
Do. 
The times show that the tum can be made more rapidly at higher speeds than at low, bu t 
the difference is less than was indicated previously in this report from theoretical con ideration . 
This is undoubtedly due to the fact that the pilot uncon ciou ly eases off at the higher speed 
due to the large acceleration experienced. It is al 0 evident that the time may vary by 10% 
between tests with the ame machine and pilot on different day , and a much a 20% between 
different pilots. The compari on between the three machines used give a ratio of time of about 
15,9, and for the JN4h, VE7, and SE5, respectively. This ratio expre ses very closely the 
a m'age pilot's opinion of the maneuverability of the respective machines. It should be noted 
however that thi is not a very scientific way of comparing machines as the times depend to 
a considerable extent on the pilot' willingnes to puni h his airplane. It serves however to 
give quickly an approximate value for th general maneu,erability of an airplane. 
While making the turn referred to a,bove it wa noticed that when all of them were divided 
into two group , one for turn into the wind and the other for turn down wind, that there wa 
a very consi tent difference in time, the tUl'n into he wind taking on the average 0.7 second 
les than tho e with the wincl. Th r tically, f COUl' e, there hould be no uch difference 
and the explanation of it i at present unknown. It may be clue to the structure of the air or 
simply to the ground speed unconsciously affecting the pilot or ob erver. 
Another method of rever ing the direction of flight quickly is an evolution termed a "wing 
over" as shown in Figure 1. In the table below arc given the time required for thi method 
of turning: 
Pilot. Airillaoe. -, .Air ~peod 
ai start. 
Carroll . . ... . ..... . .... JN4h . . . . ...... . 
Do ..... . ..•. . ... . . \"E7 . . ....•..... 
McAvoy ............... \"E7 .... . ...... . 
~~:::::::::::::: : : ' ~~L ::::::::::: 
Carroll ............ . . .. JN4h .......... . 
Do ....... .... ... . . 1 SE5 ............ . 
'A sindy o[ airplane maneu\'er~, N. A. C . • \. Report No. 155. 
I 
70 
80 
o 
SO 
95 
70 
80 
Timc [or 
1 O' in 
seconds. 
10.0 
9.1 
13.7 
11. 3 
.0 
10.1 
7.5 
Date. 
Dec.3,192l. 
Do. 
Do. 
Do. 
Do. 
D ec. 7,1921 
Do. 
14 REPORT NATIONAL ADVISORY COMMITTEE FOR AERONAUT C . 
The times given here are not as consistent, a [or the banked tmn due to the greater com-
plication of the maneuver, 0 that the relative value of the machine can not be judged accu-
rately . On the whole thi maneuver i one or two seconds quicker than the banked tum. 
A third method of turning i the rever e turn (fig. 19), the time for which are given in 
the following table: 
Pilot. .\irplau~ . 
Carroll .. . ............. J N4h . . ' . ...... . 
Do ..... . .......... \ 'E7 . .......... . 
~lcAvoy ... . ........... \ ' E7 .......... .. 
Carroll. ............... J :-<4h .......... . 
Ai r speed 
at start. 
70 
SO 
SO 
70 
Time lor 
ISO" in 
seconds. 
7. 
9.2 
7.7 
9. 
Da te. 
Dec. 3, 1921 
Do. 
Dec. 7, 192J 
Do. 
The times given here are not very consistent, as they depend on the pilot' willingne to 
punish the machine. There i no doubt, however, that thi is the mo t rapid method of turning, 
~"'-~::F~;.~j:~ _ ~ ~ -- -
- ~~~ 
-0....,--
FIG. I .-Wing over. FIG. 19.-Reverse turn. 
but 'it has the di advantage in combat work of nece itating a considerable 10 s in altitude and 
putting the plane for a time in an attitude in which it is not controllable. 
THE EFFECT OF MOMENT OF INERTIA 0 MA EUVERABfLlTY. 
In de igning airplane for combat work where great maneuverability i de ired it ha 
always been recognized that a mall moment of inertia was to b de ired. Ju t what effect the 
moment of inertia ha on maneuverability ha been unknown , 0 that it eem cleirable to 
tucly thi problem quantitatively here. _\'11 the el i eus ion and experiment refer to the motion 
about the:X: axi for implicity but the other motion are analagou We have een that the 
rolling moment clue to the aileron i submitted to the condition: 
L ' = m( IU ~r -Lpp )-
From the curve connectinO' L' and p hown in Fig. - we may also wri te: 
L' = ]{p + c 
where J( and c are the con tant determining the tI'aight line. 
Then: 
and 
[ 
",K + mLp)t ] 
C e mK.' - 1 
p = K + mLp 
if t = 0 when p = o. 
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The angle rotated through in time t will be: 
It c It [ (K+mL"lt ] c [ K,,2m (K+mLp\t ) ] cf> = pdt= T/+ L e mFA' - 1 dt = K L T/ L e X.'m - 1 - t o Ii m p 0 +m p Li+m p 
Taking from Figure 5 value of c and k corresponding to an aileron etting of 13° and an air 
peed of 0 mile per hour, curve of cf> and t have been plotted in Figure 20 for values of K,,2 
corresponding to a normal J N4h and also one having twice the polar moment of inertia. The 
values of Lp from the model test of -325 as previou ly used in thi report eemed to be too 
high to give re ults in good agreement with the actual performance, so a value of Lp just 
obtained on thi airplane in free flight of -154 wa u ed. This value is the only point so 
far obtained in flight so that it should be con idel'ed only tentatively, but it i probably clo er 
than the wi.nd tunnel result of twice the value. 
It can be een that if t i small, a change in the moment of inertia ha a relatively large 
effect, but if t i large the effect i small. For if t=0.4 doubling the moment of inertia decreases 
it by 27 per cent; if t=1 it i decreased by 12 per cent, and if t=2 by 6 per cent. The above equa-
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Y1G. 21.-~[olion about X axis with doubled K •. 
tions do not apply strictly to the actual condition clue to the fact that an appreciable time is 
required to move the controls. 
In order to determine experimentally the effect of increasing the moment of inertia of an 
airplane on it maneuventbility, ufficient weight was applied to the wing tips to double the 
lateral momen t of inertia of a J N4h airplane. A the e weights amounted to approximately 
150 pound on each winO' tip it was not considered adyi able to make a landing with them in 
place: 0 that the ame method was u ed for relea ing the weights a de cribed in . A. C. A. 
Report No. 112. This method consisted in applying to each wing tip a streamline box filled 
with and with a hinged bottom which could he opened from the cockpit of the machine. In 
making the te ' L' the sand boxes were loaded up to their proper capacity and the te t were 
made in th u 'ual way, thcn the boxe were emptied before landing. 
The same series of runs wa made with the sand boxes in place as had been made previou ly 
recording the angular velocity when the tick wa moved suddenly over through various angles. 
The results obtained are plotted in Figure 21 which are trictly comparable with Figure apply-
ing to the normal machine. An examination of the curves show the following fact 
1. The maximum angular velocity i independent of the moment of inertia , a would be 
expected. 
2. The maximum angular acceleration i reduced 50 per cent by doubling the moment of 
inertia, which agree with theory. 
3. The time required to reach the maximum angular velocity i ' con tant and amounts to 
approximately 0.9 econd which is lightly over twice that obtained for the normal airplane. 
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with a curve 01 rotation about the Y or Z axi (fig. 22), we will obtain the same re ults except 
that the angular velocity does not maintain itself at a constant alue but falls off r ather rapidly 
after the maximum. If the time t, however , is not too long we hould be able to get consistent 
results with this type of curve. Thi area under the angular velocity curve will then give us in 
one value the combination of. all the factors which determine maneuverability. The use of this 
t ' 
qo.-r 
FIG. 22. 
area, however, is an added advantage in that it can be determined directly on 
the airplane without the use 01 complicated in truments. To measure it, all 
Lhat is necessary to do is to determine thc angle through which the machine 
rotate in a given length of time t. In actual practice, however, we can 
obtain the ame re ults more easily by taking the time required to rotate 
through a given angle. 
This method of measurement will then gi e us values of maneuver ability 
about each axi. of the air·plane. We have however to take into account 
another factor when on idering the motion about the Y axis and thi i the 
minimum radius of curvature of turning. For this reason it will be neces ary 
to introduce a fourth coefficient of maneuverability which may be found from the minimum 
speed of the airplane. The four coefficients may then be defined a follows: 
The coefficien t of maneuverability is the time required in seconds for the airplane to rotate about a principal axis 
from rectilinear flight to a given angle (15°) after the pilot moves t he respective control surfaces as suddenly as pos-
sible through a given anO'le ( 0) from their equilibrium po ition with the other set of controls held stationary. For 
motion about the Y axis it is neces ary to include a factor denoting the minimum radius of turn or the square of the V . 2 
minimum flying speed divided by g. The coefIicients will be denoted by f..t" tp, t", and ~~n .. 
The angles give~l above for the rotation and the movement of the controls are the most 
satisfactory one for the J N4h, but it may be nece ary however to give them different values 
if the coefficients are to be used univer ally. This can be determined when tests have been made 
upon other types of airplane. The coefficient t", and t", will vary with engine peed as well as 
with air peed due to the action of the lip tream. 
CONCLUSIONS. 
The study of controllability and maneuverablity ha been particularly difficult, first because 
the subject i 0 intangible and econd because there is so little previous work to follow. It i 
felt that the present investigation leaves much to be desired in th way of completeness, but it 
at least places the ubject on a much more cien tific footing than before, and will serve a a basis 
for further inve tigation. 
In carrying out more re ear'ch along Lhi line it i recommended that the coefficients be 
determined for a number of machines 0 that we may have ufficient data to di cover what factors 
are effective in producing controllability and maneuverability. I t would also be advisable 1,0 
make systematic change in the control surfaces and study their effect on the coefficients. The 
important subject of the relation of stability to maneuverability has not been touched upon here, 
but will erve as the basis for both theoretical and experimental research in the near future. 
The effect of aspect ratio, number of planes, tail area, fuselage, length, etc., will also be studied 
as far as possible. 
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Positive directions of axes and angles (forces and moments) as shown by arrows. 
Axis. Moment about axis. Angle. Veloci ties. 
Force 
(parallel 
Sym- to axis) Designa-Designa tion. symbol. bol. tion. 
Longitudinal.. .. X X rolling . ... . 
Lateral. ...... . . Y Y pitc!llng ... 
Normal ......... Z Z yawmg . .... 
Absolute coefficients of moment 
L M N 
Cj = q b S' Cm = q C S' Cn = q f S 
Linear 
Sym- Positive Designa- Sym- (compo-direc- Angular. bol. tion . tion. boI. nentalong 
L 
M 
N 
axis). 
Y ----t Z rolL .. ... <l> u p 
Z ----tX pitch .... IJ v q 
X----tY yaw ..... 'l! w r 
Angle of set of control surface (relative to 
neutral position), o. (Indicate surface by 
proper subscript .) 
4. PROPELLER SYMBOLS. 
Diameter, D 
Pitch (a) Aerodynamic pitch , pa 
(b) Effective pitch, pe 
(c) Geometric pitch, Plr 
Pitch ratio, p/D 
Inflow velocity, V' 
Slip-stream velocity, V. 
Thrust, T 
Torque, Q 
Power, P 
(If " coefficients" are introduced all units 
used must be consistent.) 
Efficiency TJ = T V /P 
R evolutions per sec., nj per min. , N. 
Effective helix angle cf> = DV 
7r n 
5. NUMERICAL RELATIONS. 
lIP = 76 kg. m/sec. = 550 lb. ft/sec. 
1 kg. m/sec. = 0.01315 II> 
1 mi/hr. = 0.4470 m/sec. ., 
1 m/sec. = 2.237 mi/hr. 
1 lb . = 0.4536 kg. 
1 kg. = 2.204 lb. 
1 mi. = 1609 m. = 5280 f t. 
1 m. = 3.281 ft. 
.. 
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